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The scope and purpose of an Arctic VLF propagation study are outlined, and results 
are presented for the period from February to June 1963. Typical diurnal phase and 
amplitude patterns of NPM and NPG transmissions received at Stockholm are given for 
each month. The diurnal NPG amplitude change at Stockholm readied a maximum of 
38 db during March. Monthly averages of NPM-Stockholm and NPG-Stockholm diurnal 
phase changes are compared with those for other transmission paths. Twenty-four hour 
averages of frequency differences of VLF transmissions were measured at various reception 
sites and intercompared. Residual errors ranged from l()~ n to 3 X 1()~ 12 , with standard 
deviations between 8.5 and 3.3 X 10 -11 . Arctic paths were found to be worse by only a 
factor of about 2. Preliminary analysis of geomagnetic disturbance data and observed 
VLF phase anomalies indicates reasonable correlation for the NPG-Stockholm path. Fi- 
nally, phase measurements on NBA taken simultaneously at Kiruna and Stockholm are 
compared. An SCNA event recorded by a Kiruna riometer clearly coincided with an NBA 
phase anomaly observed at Kiruna while the Stockholm NBA phase record showed no 
anomaly. 



1. Introduction 

This paper reports results of Aretic VLF propaga- 
tion studies at Stockholm, Kiruna, and Fort Mon- 
mouth during the period from February to June 
1963. The project is now being extended to an 
additional monitoring site near Fairbanks, Alaska, 
and is intended to continue until spring 1964, with 
special efforts during summer 1963 and winter 
1963/64. 

Prime objective is more knowledge of the iono- 
spheric D layer in the Arctic because of its impor- 
tance for the damping of radio signals in general, and 
the propagation of VLF waves in particular. Of 
interest are the diurnal and seasonal behavior of the 
D layer, the influence of aurorae, polar cap absorp- 
tions (PC A), sudden commencements (SC), and 
magnetic phenomena on it, effects of D layer dis- 
turbances and changes of ground conditions on VLF 
propagation, and the precision of VLF standard- 
frequency transfer. This information is to be 
derived from precise phase and amplitude measure- 
ments on stabilized VLF transmissions at several 
suitably located receiving sites. 

Work is presently under way on direction-sensitive 
VLF antennas [Seeley, 1963] to allow comparison 
of VLF propagations along the shortest and longest 
great-circle paths, to control to some extent sferics 
reception, and to try to establish the correlation of 
some small observed phase variations with changes 
of the propagation direction under the influence of 



' This paper was presented at the VLF Symposium in Boulder, Colo., Aug. 
14, 1963. 
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Development Laboratory (USAELRDL), Fort Monmouth, N.J. 

3 Research Institute of National Defence (FOA), Stockholm, Sweden. 



ionospheric disturbances. Reception of the two 
NPM or NPG signals at Stockholm would be of 
particular interest since it would provide a means of 
simultaneous study of Arctic and Antarctic dis- 
turbances at one spot. Direct and antipodal signal 
receptions would also provide one of the best means 
to establish the limit of precision of VLF standard- 
frequency transfer. 







WWVL N8A WWVL 



NAA NSS NAA 



Figure 1. Geographic locations of VLF transmitters and 
receiving sites with respect to each other, to auroral zone, 
geographic pole, and magnetic inclination pole. 
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The relative posit ons of our present receiving 
sites with respect to monitored VLF transmitters, 
NPM, Haiku, 4 NPG, NBA, NSS, NAA, and GBR 
are shown in figure 1 and tables 1 and 2. 

Table 1. Geographic and geomagnetic coordinates of VLF 
transmitters and receiving sites 



Locations 


Geogr. coordin. 


Geomagn. coordin. 




Long. 


Lat. 


Long. 


Lat. 


XI'M 


158° W 
148° W 
122° W 
80° W 
77° W 
74° W 
67° W 
01° w 
18° E 
20° E 


21° N 
65° N 
48° N 
09° N 
39° N 
40° N 
45° N 
52° N 
29° N 
68° N 


266° 
258° 
296° 
350° 
352° 
356° 
04° 
85° 
107° 
116° 


91° N 


Fair! tanks 

NPG 


65° N 
54° N 


NBA 


20° N 


NSS 


50° N 


Ft. Monmouth. _ . 


52° N 


NAA 


57° X 
54° N 

58° N 


GBR 


Stockholm ___ . . . 


Kiruna. _ __ . 


65° N 







Table 2. Distances in kilometers between VLF transmitters 
and receiving sites 



Locations 


Fairbanks 


Ft Monm. 


Kiruna 


Stockholm 


NPM 


4, 900 
2, 500 
8, 300 
5,400 

5, 300 

6, 800 


8,000 
3,800 
3,500 
240 
750 
5,700 


10, 100 
6, 800 
9,500 
6, 400 
5,400 
2, 100 


11 100 


NPG 


7 600 


NBA 


9,500 
6, 700 
5,700 
1, 400 


NSS 


NAA 


GBR 





The following features of this network are of 
interest: 

1. Propagation of signals from Oahu, Hawaii 
(NPM, Haiku), to Stockholm and Kiruna provide 
occasionally up to three simultaneous frequencies 
(19.8, 13.2 or 14.2, and 10.2 kc/s) over a common 
Arctic propagation route of maximum length. 

2. Comparison of the Fairbanks and Kiruna data 
will give results for either an all-sunlight (summer) or 
all-dark (winter) Arctic path. 

3. Simultaneous NBA receptions at Kiruna and 
Stockholm allow comparison of two propagations 
from the same station over paths of almost identical 
distances, but with one traversing the zone of most 
frequent auroras and the other one lying outside the 
outer 40 percent ring. 

All stations utilize commercial automatic phase 
and amplitude tracking receivers and are controlled 
by atomic frequency standards [Reder, 1963]. 

2. Diurnal Phase and Amplitude Variations 

A preliminary analysis of monthly variations of 
diurnal time-of-arrival (TO A) 5 changes observed 

4 I hiiku is one station of the Navy's experimental Omega VLF navigation sys- 
tem. It is located on Oahu, Hawaii. 

6 TOA is denned as phase difference, (</>Loc-</>Rec), divided by angular VLF 
frequency, o>. 
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Figure 2. Monthly variation of average TOA trapezoid heights. 

during the past six months at Fort Monmouth (M), 
Stockholm (S), and Kiruna (K) is listed in table 3 
and illustrated in figure 2. All curves of figure 2 
show a tendency of increasing diurnal variation 
until March and decreasing variation thereafter. 
This is most pronounced for the NPG-^S path. 
The steady increase until March reflects the gradual 
decrease of the daylight D layer altitude as solar 
illumination became more effective in the Northern 
Hemisphere. The large drop of the NPG— >S curve 
after March was caused by the change of this path 

Table 3. Diurnal TOA shifts of VLF transmissions measured 
at various sites in 1963 

All numbers refer to microseconds, except numbers in parentheses are numbers 
of days for which TOA trapezoids were available 



Sta- 
tion 


Jan 


Feb 


Mar 


Apr 


May 


June 


Receiver 




65.6 (10) 


68. 7 (09) 
26.9 (C7) 


71.7 (28) 
38. G (27) 


70.9 (20) 
35. 6 (26) 






l''t . .Monm. 


NPM 


29.9 (08) 


34.0 (10) 
30.5 (06) 


Stockholm 








29.7 (06) 
33.1 (19) 


29.5 (06) 
23.5 (15) 


24.8 (06) 
16.5 (28) 


Ft. Monm. 


NPG 




28.5 (03) 


13.6 (11) 
18.5 (04) 
















35.7 (17) 


34. 7 (22) 


31.3 (03) 


Ft. Monm. 


NBA 






66.0 (02) 
43.4 (06) 


Stockholm 














Kiruna 


NAA 




40.0 (02) 


41.4 (07) 






Ft. Monm. 






*41.3 (06) 
42.9 (22) 


32.5 (21) 
39.3 (06) 






GBR 


34.4 (10) 


43.0 (01) 


42.2 (21) 





Ft. Monm. 



*NAA operated on 17.8 kc/s during this period. 
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Figure 3. Daily variation of VLF TO A trapezoid heights 

(hi rin (j March 1963. 

from periodic nighttime condition along 100 percent 
of its length in winter to only about 15 percent in 
summer. Figure 3 depicts diurnal TO A changes 
from day to day during March 1963 and it can be 
seen that trapezoid height variations of 5 or even 
more than 10 /xsec within 24 hr were not uncommon. 

Typical diurnal TOA and amplitude patterns for 
NPM^S and NPG->S, observed between February 
and May 1963, are shown in figures 4 through 9. 
The most distinct feature of the patterns of figure 4 
is the appearance of deep minima during March at 
about 1600. 6 The minima correspond to the very 
brief intervals between 1600 and 1700 in March 
when the D layer along the NPM— >S path was 
completely illuminated and its ground projection 
fell into the twilight zone [Adams and Whitehead, 
1960] as demonstrated in figure 5. For the remainder 
of March the path was partially in shadow except 
for a brief all-dark period. 

The diurnal variation of the NPM amplitude at 
Stockholm ranged from 8 to 14 db, with maximum 
variation in March (fig. 6). Significant is the 
amplitude pattern on 25 and 26 February between 
0400 and 0700 (midnight), and in particular between 
1600 and 1800 when the path was at first briefly all 

s All times are given in UT. 




Figure 4. Typical diurnal TOA patterns of NPM signals 
observed at Stockholm between February and May 1963. 




Figure 5. Various phases of illumination of the NPM-to- 
Stockholm path on 25 February 1963. 



Ill 




Figure 6. Typical diurnal amplitude patterns of NPM signals 
observed at Stockholm between February and May 1968. 
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Figure 7. Typical diurnal TOA patterns of NPG signals 
observed at Stockholm between February and May 1963. 

in shadow and then immediately all in sunlight 
before the generally encountered mixed illumination 
conditions set in. 

The TOA patterns for NPG^S (fig. 7) show a 
much larger change of diurnal variation, are more 
disturbed — possibly because the (NPG-^S) path lies 
close to the magnetic dip pole — , and have more 
structural complexity during April and May when 
the two path ends have separate night conditions 
as can be demonstrated in a fashion similar to that 
of figure 5. 
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Figure 8. Typical diurnal amplitude patterns of NPG signals 
received at Stockholm in February and March 1963. 
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Figure 9. Typical diurnal amplitude patterns of NPG signals 
received at Stockholm in April and May 1963. 



The NPG diurnal amplitude variation at Stock- 
holm ranged from 38 db around the middle of March 
to 14 db at the end of May (figs. 8 and 9). No 
explanation can yet be offered for the excessive 
diurnal amplitude change during February and 
March. It was first believed to be caused by a poor 
definition of the daylight D layer near the twilight 
zone at high latitudes. But this is not confirmed by 
the behavior of the NPM^S path as can be seen 
from figures 5 and 6. 

It should be noted here that the amplitude curves 
do not reproduce true seasonal variations, since no 
absolute field strength measurement equipment was 
available until now. It is also worth mentioning 
that the NPG-^S path crosses an icecap of over 
2,000 m thickness and 900 km length, whereas the 
NPM— >S path does not. How much this contributed 
to the relatively poor reception of NPG at Stockholm 
will be better understood after completion of absolute 
amplitude measurements during summer 1963. 
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3. Precision of VLF Standard-Frequency 
Transfer 

Next we shall compare the 24 hr averages of VLF 
measurements of the difference frequencies (NPG- 
NPM) made at Fort Monmouth and Stockholm with 
data distributed monthly by J. Pierce. And we 
shall do the same with (GBR-NBA) data taken at 
Fort Monmouth and NBS, Boulder (table 4). The 
average residual errors fell within ± 10 -11 , and the 
standard deviations were smaller than ±9 x 10~ n . 
It is obvious from the data that— contrary to expec- 
tation — -Arctic transmissions compare quite favor- 
ably with those along other paths. 



Table 4. Averages and standard deviations, a, of residual errors 
of different frequencies (NPG-NPM) and (GBR-NBA) 
measured by FOA at Stockholm, by USAELRDL at Fort 
Monmouth, by Pierce at Cambridge, and by NBS at Boulder 



I Hfference of 


Compared between 


Residual error 


VLF trans- 
missions 


Avg. 

(A///)xlO» 


a(AJIj) x 10" 


NPG-XIWl 
GBR-NBA 


Stockholm— Cambridge (all) 
Stockholm— Cambridge (3 excl)* 
Monmouth Cambridge (all) 

Monmouth Cambridge (all) 
Monmouth Cambridge d excl)* 
Boulder Cambridge (all) 


+ 1 
-1 
+0. 6 

-0.5 
+0. c» 
-0.3 


8.3 
5.9 

8.5 

5.5 
3.9 
3.3 



•Excluded measurements deviated excessively from average. 

4. Correlation of VLF Phase Anomalies With 
Ionospheric and Geomagnetic Disturbances 

An attempt was made to see if sudden commence- 
ments (SC) and geomagnetic phenomena, interna- 
tionally reported for the period from February to 
May 1963 at Darmstadt and Paris, could be corre- 
lated with almost simultaneously (up to few minutes 
delay) observed phase anomalies on various VLF 
paths. Table 5 shows that geomagnetic phenomena 
could, in the average, definitely not be detected as 



immediate VLF phase anomalies in only 37 percent 
of the analyzed data, and that this figure drops to 
24 percent if one excludes the rather insensitive 
paths, NPM-^M, NBA^M, and GBR -^M. 

Table 6 indicates the sensitivity of the various 
propagation paths to geomagnetic disturbances. 
1 1 ere it is suspected that the NPG-^M path will fall 
behind the NPG^S path when more data on 
NPG-^M have become available. The few solar 
disturbances reported during the period of this study 
tend to show that the NPM^M path is most affected 
due to its long West-East extension in medium 
latitudes, whereas the NBA-^M and GBR-^M paths 
are least affected. 

Table 6. Listing of VLF paths according to decreasing 
sensitivity to geomagnetic and sudden ionospheric disturbances 



Geomagnetic phenomena 


Sudden ionospheric disturbances 


Path 


%* 


Path 


%• 


N l'(J->M 

N i'<; >s 

NAA->S 
NAA->M 
NPM->S 
NPM->M 

<;hr->m 

XH.UM 


82 
79 
74 
07 
Hi 
58 
45 
34 


NTPM->M 
NTG->S 

NAA->S 
NPM->S 
\ UA-»M 
GBR->M 


67 
50 
50 
50 

30 
27 



*% Observations for which answer in table 5 was yes, possibly, and very dis- 
1 orbed. 

Figures 10, 11, and 12 depict typical forms of 
TO A perturbations caused by bays with pulsating or 
sudden begin (PSC), and short wave fade outs 
(SWF). These effects arc larger at the lower fre- 
quencies due to higher phase velocities of propaga- 
tion [Wait, 1962]. They exceeded very rarely 10 
/xsec for magnetic disturbances while they relatively 
often fell between 10 and 20 /xsec for solar dis- 
turbances. Solar ionospheric perturbations — except 
aurorae and rare proton flare effects — do not affect 
VLF night paths. This influences somewhat the 
ionospheric graduation scale of table 6 which is 
otherwise strongly controlled by the sun's zenith 
angle at the path center [Chilton, Crombie, and 
Jean, 1962]. 



Table 5. Numbers of geomagnetic phenenomena arid sudden ionospheric disturbances observed 
as phase anomalies on various VLF transmission paths during first half of 1963 



Influence observed on 


* 


Geomagnetic phenomena 


Sudden ionospheric 
disturbances 




Yes 


Possibly 


Very 
distbd. 


No 


Yes 


Possibly 


No 


NPM-^S 

NPM->M 

NPG->S 

NPG->M 

NAA^S 

NAA->M 

NBA->M 

GBR^M 


N(%) 

N(%) 
N(%) 
N(%) 
N(%) 
N(%) 
N(%) 
N(%) 


29(44) 
10(20) 
21(31) 
06(27) 
08(35) 
01(17) 
00(00) 
11(20) 


19(29) 
19(38) 
16(24) 
12(55) 
09(39) 
03(50) 
10(26) 
14(25) 


01(01) 
16(24) 

03(08) 


17(26) 
21 (42) 
14(21) 
04(18) 
06(26) 
02(33) 
26(66) 
30(55) 


05(28) 
03(34) 
06(33) 

02(33) 

03(30) 
03(27) 


04(22) 
03(33) 
03(17) 

01(17) 


09(50) 

03(33) 

09(50) 

01(100) 

03(50) 

07(70) 

08(73) 


Total 


N(%) 


86(26) 


102(31) 


20(6) 


120(37) 


22(30) 


11(15) 


40(55) 


Partial total** 


N(%) 


Of) (3f)) 


59(32) 


17(9) 


43(24) 









*N = number of observations. 

'", 1 1 olds for each specific path, e.g., NPM^S, except in "Total" lines. 

** Except NPM->M, NBA->M, GBR->M. 
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Figure 10. One form of typical effects~of geomagnetic disturb- 
ances on VLF TOA recordings. 




20 22 

10/11 MAY 1963 

Figure 11. Another form of typical effects of geomagnetic 
disturbances on VLF TOA recordings. 

VLF amplitudes seem to be less affected by mag- 
netic and ionospheric perturbations as shown by a 
cursory analysis. Moreover, amplitude perturbations 
are more difficult to detect against the background 
of amplitude variations caused by the transmitter 
facilities. A more detailed analysis will be carried 
out later. 

5. Preliminary Kiruna Results 

Interesting results of some very recent VLF 
measurements at Kiruna are depicted in figures 13 




14 15 16 17 18 19 20 21 22 23 24 01 02 03 04 05 06 UT 
19-20 APRIL 63 

Figure 12. Typical effects of solar events on VLF TOA 
recordings. 



and 14. Remarkable are the large amplitude dips 
of NSS signals of about 23 db (fig. 13) occurring 
approximately 50 min. before sunrise at the trans- 
mitter. We have observed these attenuation phe- 
nomena accompanied by dispersion-like phase be- 
haviors (phase plateaus) always during sunrise along 
the NPM->M, NBA-»K, and^NBA->S transmission 
paths but almost never on Haiku^M transmissions 
at frequencies of 10.2 and 14.2 kc/s. A recent 
experiment with Haiku — >M on 17.2 kc/s indicated 
the appearance of amplitude dips and phase plateaus 
above that frequency. These experimental results 
are presently being compared with Crombie's theory 
[1963] of mode conversion and mode interference. 
In this connection, it should be mentioned that high- 
altitude nuclear tests have sometimes shown the 
tendency to wash out the NPM->M phase plateaus 
during the day(s) following a blast. 

Figure 14 gives a comparison of the NBA TOA 
measurements at Kiruna and Stockholm on 24/25 
June and the correlation of phase anomalies with 
sudden cosmic noise absorption (SCNA) phenomena 
indicated by the Kiruna riometer. The two NBA 
paths have practically the same length of 9,500 km. 
It is not certain whether the large discrepancy of 
19 ix sec of the diurnal TOA shifts can be explained 
alone by the difference of day to night proportions 



280 



Q 


T 






/" 


"\ 










/ 


\, 




T 




_i 


1 

II DB 

1 






ZZ 


\ 










/ 


\ 








2 30 






/ 


\ 












\ 












— 1 7 


> 










A 










CO 








V 




\ H 


. /-n 


-Al 




r\ 




DB 


CO 

z 20 

LU 












r 












I 












































. 












! 


















i / 












i 






| l0 












/ 












1 • 






UJ 












y 












jffZ 



















! 






















vJIGHT | n DAY 




NIGHT 






CO 
CO 

tzo 






























1 j 


I 


1 1 






CO 










K^ 










J 




i 
















lz: 


V 


u-^ 


^"V^ 


\r 




V 






< 








o 

i- 












Hi 


























KIRUNA RIOMETER INDI CAT IONS OF SCNA'S. 

, J 1 , 1 , 1 , 1 , L- 1 , 1 , 








13 1 


5 17 1 
16 JUh 


921 2 
JE 63 


3 


1 


3 5 ■ 


r 9 I 
27 


1 13 15 17 1921 23 1 3 5 7 9 II 13 I 

JUNE 28 JUNE 


T 



Figure 13/ Typical diurnal TO A and amplitude patterns of 
NSS signals recorded at Kiruna between 26 and 28 June 1963. 
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Figure 14. Diurnal TO A patterns of NBA recorded simul- 
taneously at Stockholm and Kiruna between 24 and 25 June 
1968, showing coincidence of VLF phase anomalies with 
SCNA events indicated by a riometer at Kiruna Geophysical 
Observatory, 

of the propagation paths. The availability of addi- 
tional data by the end of summer will shed more 
light on this matter. The figures show also that the 
Kiruna riometer indications of SCNA events coin- 
cided with the NBA-^K TOA effect at about 1600 
on 24 June. But there was no riometer indication 
of such an event at 1420 on 25 June when NBA^K 
showed a weak and NBA-^S a strong phase anomaly. 



6. Conclusions 

VLF phase and amplitude measurements at Stock- 
holm on NPM and NPG during the first half of 1963 
have revealed a reasonable correlation between VLF 
phase anomalies and geomagnetic phenomena. It is 
suspected that most of the as yet unexplained phase 
anomalies were caused by aurorae. Amplitude 
effects were usually smaller or not clearly detectable. 
The precision of standard frequency transfer via an 
Arctic VLF path was found to be within a factor of 
2 of the precision attained with other transmissions. 
Diurnal TOA changes for Arctic VLF paths are com- 
plicated because of peculiar path illumination condi- 
tions but can be readily explained. However, no 
explanation has been found yet for the excessive 
diurnal amplitude variations along the NPG— >S 
path. 
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